The gastrointestinal microenvironment, dominated by dietary compounds and the commensal bacteria, 23 is a major driver of intestinal CD4 + T helper (Th) cell differentiation. Dietary compounds can be sensed 24 by nuclear receptors (NRs) that consequently exerts pleiotropic effects including immune modulation. 25
Differentiation to Th17 cells in lymphoid organs is contingent on the presence of TGF-β1, IL-6 and 74 IL-1b cytokines, while their effector function and pathogenicity relies on IL-23. In agreement with 75 their high potential to induce Th17 cell differentiation, intestinal dendritic cells (DCs) are a major 76 source of IL-23, IL-6 and IL-1b 5,6 . Of note, mice lacking a specific DC subtype characterized by the 77 expression of CD11b and CD103 have reduced numbers of Th17 cells 6 , highlighting the important 78 role of myeloid cells in Th17 cell homeostasis. The intestinal tract represents a hub for the generation 79 of Th17 cells, which in turn have been shown to exert their effector functions both in the intestine and 80 in extra-intestinal sites 7 . This phenomenon can be explained by the contribution of environmental 81 signals, mainly diet-and bacterial-derived, in Th17 cell generation. As examples, diets rich in long-82 chain fatty acids or high in salt content supports Th17 cell differentiation in the gut while germ-free 83 animals have reduced numbers of Th17 cells [8] [9] [10] . Of note, one specific Gram-positive bacterium related 84
to Clostridia, segmented filamentous bacteria (SFB), has proven sufficient to induce Th17 cell 85 development in the intestine 10 . By adhering to the intestinal epithelium, SFB drives the production of 86 administered a modified diet containing GW3965, a well-characterized LXR agonist 16 . After 10 days, 118 T cell subset composition in MLN was assessed by flow cytometry. While the proportion of CD3 + CD4 + 119 T cells out of total immune cells was unchanged ( Fig. 1a) , lineage specification into RORgt + Foxp3 -120 (referred as Th17) and RORgt + Foxp3 + (referred as RORgt + Treg) cell frequencies were reduced by 121 GW3965 administration compared to control diet ( Fig. 1b and 1c) . These results suggest that 122 activation of LXR in vivo restrains T cell differentiation to RORgt + Treg and Th17 cells in the MLN. 123
To further complement these findings, we analyzed the MLN of mice lacking either LXRa (LXRa -/-) 124
or LXRb (LXRb -/-) compared to C57BL/6J WT mice obtained from the same provider. In agreement, 125 deficiency of either isoform of LXR resulted in increased proportion of Th17 cells in the MLN ( Fig.  126 1d and e). In contrast, RORgt + Tregs were increased only in LXRb-deficient animals compared to 127 both WT and LXRa -/mice ( Fig. 1d and e ). Thus, while LXRb-deficiency results in expansion of both 128
RORgt + Treg and Th17 cells, LXRa-deficiency resulted in specific expansion of Th17 cells. To gain 129 further insight on how genetic deficiency in LXRa isoform drives proportional expansion of MLN 130
Th17 cells, we tested whether proliferation (Ki-67 staining) or survival (AnnV staining) of Th17 cells 131 was favored in LXRa -/mice. Although we did not see differences in Ki67 + Th17 cells (Fig. 1f) , we 132 observed a drop in AnnV + Th17 cells in LXRa -/mice ( Fig. 1g ), suggesting 133 of RORgt + Foxp3 -(Th17) and RORgt + Foxp3 + (RORgt + Treg) cells out of total CD4 + T cells (n=4 mice for each group). (d-e) Representative dot plots (d) and frequencies (e) of Th17 and RORgt + Treg out of total CD4 + T cells in the MLN of WT (n=9), LXRa -/-(n=4) and LXRb -/-(n=6) mice. (f-g) Representative dot plots and frequencies of Ki-67 + (f) and AnnexinV + (g) Th17 cells in the MLN of WT (n=11) and LXRa -/-(n=8) mice. Data are represented as means ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by unpaired Student's t test or One-Way ANOVA with Bonferroni's post-test when more than 2 groups. that Th17 cells in LXRa -/mice have a better survival compared to WT mice. Overall, we showed that 135 while LXR activation regulates the levels of RORgt + T cells in the MLN, we observed an isoform 136 specific effect of LXRb in modulating RORgt + Tregs and the ability of LXRa in modulating only the 137 Th17 cells but not RORgt + Tregs. 138 modulates T cell differentiation in vitro. Towards this, splenic CD4 + T cells were purified and 145 differentiated in vitro under Th2, Treg or Th17 polarizing conditions in presence or absence of LXR 146 agonist (GW3965) or antagonist (GSK2033). While LXR inhibition did not affect CD4 + T cell 147
differentiation towards any of the tested subsets, LXR activation reduced differentiation to all the 148 tested Th subsets ( Supplementary Fig. 2a and 2b) . Further, LXR activation inhibited CD4 + T cell 149 proliferation ( Supplementary Fig. 2c and 2d ), in accordance with the previously reported 150 antiproliferative effect of LXR 17 , suggesting that defects in Th subset differentiation may be due to 151 impaired proliferation. Next, we investigated whether LXR activation in T cells was required to 152 promote Th17 generation in vivo using mixed bone marrow (BM) chimera. Given that lack of LXRa 153 results in expansion of only Th17 but not RORgt + Tregs, we focused on LXRa-deficient mice to further 154 understand its role in MLN Th17 cells. We used WT calibrator BM cells from CD90.1 CD45.2 mice 155 that were mixed in 1:1 ratio with BM cells from LXRa -/or WT mice (characterized by expression of 156 the congenic markers CD90.2 and CD45.2). Mixed BM cells were intravenously injected into WT 157 CD45.1 lethally irradiated mice generating WT:LXRa -/and WT:WT mixed BM chimeras respectively 158 ( Fig. 2a) . Six-weeks after reconstitution, most of MLN-resident immune cells were donor-derived 159 ( Supplementary Fig. 3a) . Among donor cells, we were able to distinguish RORgt + CD4 + T cells from 160 the calibrator (CD90.1) and WT or LXRa -/-(CD90.2) BM-derived cells (Supplementary Fig. 3a) . 161 Similar to WT:WT chimeras, we found comparable frequencies of RORgt + CD4 + T cells between WT 162
and LXRa -/- (Fig. 2b and c LXRab flox/flox mice respectively. Neither LXRab ΔIEC nor LXRab ΔVAV mice showed any difference in 188 frequencies of Th17 cells compared to their respective littermate controls ( Fig. 3a-d) . On the other 189 hand, as expected LXRab ΔVAV mice exhibited a significant increase in frequency of RORgt + Treg cells 190 compared to littermate controls ( Fig. 3c and d) , further confirming our findings with LXRab ΔCD11c 191 mice with respect to RORgt + Treg cells. Overall, our data suggest that LXR is not required either in 192 immune or epithelial cells to modulate Th17 cells in the MLN. 193
Horizontal microbiota transfer from LXRa deficient mice partly restores MLN Th17 cells in 194

WT. 195
The microbiota is considered one of the major drivers of Th17 cell generation in the intestine, as seen 196 by virtually complete absence of Th17 cells in germ-free mice 10 . As the lack of LXR in either immune 197 or IEC compartment did not explain the altered Th17 cell frequency seen in LXRα -/mice, we reasoned 198 that alternative factors, such as the microbiota, might cause the observed phenotype. To address the 199 bacterial contribution to MLN Th17 cell generation in WT and LXRa -/mice by horizontal and/or 200 vertical transfer of bacteria to suckling or adult mice, we performed cross-fostering and co-housing 201 experiments. To evaluate whether bacterial shaping early in life during the lactating period could affect 202 MLN Th17 cells in adulthood, we performed a cross-fostering experiment where newborn WT pups 203 were cross-fostered at birth with LXRa -/dams and vice versa ( Fig. 4a) . Four weeks after birth, mice 204 were weaned into separate cages based on their genotypes and MLN T cell composition was analyzed 205 around 8-12 weeks after birth ( Fig. 4a) . WT mice displayed decreased frequencies of Th17 cells in the 206 MLN compared to LXRa -/mice regardless of fostering conditions, thus suggesting that the microbiota 207 or nutrients transferred vertically by breastfeeding was not causative of the observed expansion of 208
Th17 cells in LXRa -/mice ( Fig. 4b) . Next, to investigate whether horizontal transmission of the 209 microbiota during adulthood might account for Th17 expansion, WT and LXRa -/non-littermate mice 210 from the same provider were either co-housed or single housed according to their genotype for 4 weeks 211 ( Fig. 4c) to allow for normalization of microbiota 18 . Of note, WT mice co-housed with LXRa -/mice 212 partially gained higher frequencies of MLN Th17 cells compared to single housed WT mice. However, 213 similar to what was observed in cross fostered mice, Th17 cells were proportionally higher in the MLN 214 of LXRa -/mice compared to WT regardless of housing conditions ( Fig. 4d and e ). Altogether, these 215 data suggest that a distinctive horizontally transmitted gut microbiota in LXRa -/mice partly induce 216 the expansion of Th17 cells in the MLN. 217 (a) Schematic representation of the cross-fostering experiment: WT and LXRa -/newborn pups were either left with their biological mothers or they were swapped between their mothers (foster mother) right after birth and for the entire lactating period. Four weeks after birth, mice were weaned and kept in separate cages based on genotype and fostering mother. Mice were then sacrificed at 8-12 weeks of age and MLN was analyzed by flow cytometry. (b) Frequencies of Th17 and Treg cells out of CD4 T cells in the MLN of WT and LXRa -/mice stratified based on genotype and foster mother (each dot represents one mouse out of 2 independent experiments). (c) Schematic representation of the co-housing experiment: WT and LXRa -/mice coming from different colonies were either housed separately (single-housed) based on their genotype or together (co-housed) in the same cage for a period of 4 weeks. Representative dot plots (d) and quantification of frequencies (e) of Th17 and Treg cells in the MLN of WT and LXRa -/mice either single-or co-housed (each dot represents one mouse out of 4 independent experiments). Data are represented as means ± SEM. ns=non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA with Bonferroni's post-test.
microbiota 219
Since the presence of SFB is sufficient to induce Th17 cell priming shortly after colonization 10,19 , we 220 evaluated if SFB levels correlate with Th17 frequencies in WT and LXRa -/mice. Increased frequency 221 of Th17 cells in the MLN of LXRa -/mice did not correlate with SFB abundance (Fig. 5a ), suggesting 222 that Th17 expansion in LXRa-deficient mice is SFB-independent. We, therefore, tested if other 223 bacterial communities were different between WT and LXRa -/mice and thus potentially explain the 224 expansion of MLN Th17. Towards this we performed 16S bacterial rRNA sequencing of WT and 225
LXRa -/littermate mice ( Fig. 5b) . Of note, we observed significantly higher enrichment of bacterial 226 species belonging to the family Ruminococcaceae and Lachnospiraceae in LXRa -/mice compared to 227 WT littermates ( Fig. 5b) , indicating that LXRa modulates the composition of the intestinal microbiota. 228
To further test if the distinct microbiota composition accounts for the differences in MLN Th17 cells, 229
we treated WT and LXRa -/littermates for 10 days with a broad-spectrum antibiotic cocktail. As 230 expected, we observed a dramatic change in the microbiota composition, which was dominated by 231
Enterobacteriaceae in both WT and LXRa -/mice ( Fig. 5c) . Interestingly, we detected the presence of 232 opportunistic bacteria, such as Bacillaceae and Listeriaceae only in the LXRa-deficient mice 233 regardless of the treatment or not with antibiotics ( Fig. 5d ). However, as expected antibiotics treatment 234 resulted in significant abrogation of majority of bacteria in the intestinal tract ( Fig. 5e ), including SFB 235 ( Fig. 5f ), Ruminococcaceae and Lachnospiraceae (Fig. 5g) . Having demonstrated that the antibiotic 236 treatment depletes majority of the intestinal microbiota in the LXRa-deficient background, we 237 analyzed the levels of MLN Th17 cells. While the antibiotics treatment resulted in reduction of MLN 238
Th17 cells in WT mice, it did not alter Th17 frequencies in LXRa -/mice ( Fig. 5h) 
With the aim of investigating what contributes to the specific expansion of MLN Th17 in 286
LXRa -/mice, we tested the relative contribution of the microbiota. Cross-fostering and co-housing 287 experiments suggested that only horizontal transfer of bacteria in adulthood was sufficient to partially 288 increase Th17 cells in WT mice, although this did not reach the level of Th17 cells observed in the 289 further reduce any external or LXR-independent modulation of the microbiota. In these experiments, 292
we observed significantly higher enrichment of bacteria belonging to the family Ruminococcaceae and 293
Lachnospiraceae in LXRa -/mice compared to WT littermates in steady state, suggesting that lack of 294
LXRa allows preferential colonization of specific groups of bacteria. Both Ruminococcaceae and 295
Lachnospiraceae belong to the order Clostridiales and phylum Firmicutes and have been associated 296 with multiple human diseases including IBD 22-24 and atherosclerosis 25, 26 . While the abundance of both 297
Ruminococcaceae and Lachnospiraceae are decreased in IBD patients, suggesting a protective role, 298 they have been shown to be associated with pro-atherogenic effects. Since Th17 cells have been shown 299 to play context dependent functions in both IBD 27,28 and atherosclerosis 29 , future studies will address 300 whether LXRa mediated regulation/restraint of Ruminococcaceae and Lachnospiraceae impact the 301 diseases such as IBD and atherosclerosis in a Th17 cell-(in)dependent manner. 302
Segmented filamentous bacteria (SFB) are sufficient to induce Th17 cells in the intestine 10 . 303
However, in our microbiota analysis we did not observe any difference in the microbiota composition 304 belonging to the family Clostridiaceae (to which SFB belongs) between WT and LXRa -/mice. 305
Furthemore, we did not observe any difference in the amount of SFB in the colonic stool of WT and Th17 observed in LXRa -/mice was due to any other bacterial species, we treated both WT and LXRa -314 /mice with broad-spectrum antibiotics. While there was a reduction in total bacteria in both WT and 315
LXRa -/mice, we observed a reduction of MLN Th17 only in WT mice. Moreover, 16S rDNA 316 sequencing showed no significant differences in microbiota composition between WT and LXRa -/-317 mice after antibiotic treatment. Interestingly, we occasionally detected the presence of the 318 opportunistic bacteria, such as Bacillaceae and Listeriaceae only in the LXRa-deficient mice with or 319 without antibiotics treatment. Whether, the presence of such opportunistic bacteria influences the MLN 320
Th17 cells in LXRa -/mice needs further investigation. These findings suggest that while microbiota 321 observed increase in MLN Th17 cells in LXRa -/are dependent on other minor constituents of the 324 microbiota such as antibiotic resistant and opportunistic bacterial species, fungi, viruses and protists 325 etc. Further studies are necessary to address these questions. 326
Overall, using multiple approaches and genetic tools, we demonstrate that LXR restrains the 327 expansion of T helper subsets such as Th17 and RORγt + Tregs by distinct mechanisms in the MLN. 328
Contrary to previous findings 15 , we demonstrated that the effect of LXR on Th17 is T cell extrinsic 329 and that LXRa isoform is sufficient to restrain only Th17 and not RORγt + Tregs. We further 330 demonstrate that LXR is required neither on immune nor IECs and is independent of antibiotic- by FACS on day5. Following polarizing conditions were used: 2 ng/mL IL-2 (Th0); 2 ng/mL IL-2, 30 360 ng/mL IL-4, and 1.25 μg/mL anti-IFN-γ (Th2); 2 ng/mL IL-2, 3 ng/mL TGF-β, 30 ng/mL IL-6, 30 361 ng/mL IL-23, 0.625 μg/mL anti-IL-4 and 1.25 μg/mL anti-IFN-γ (Th17); 2 ng/mL IL-2 and 2 ng/mL 362 TGF-β (Treg). 363
364
Co-housing 365 3-4 weeks after birth, mice coming from separate homozygous colonies (either WT or LXRa -/-) were 366 weaned based on sex. From week 6 after birth until sacrifice mice were then either left single-housed 367 (i.e. housed with littermates with the same genotype) or co-housed with mice of the opposite genotype 368 for 4 weeks until sacrifice. 369
Cross-fostering 370
Breeding cages with 2 females and 1 male mouse with the same genotype (i.e. either WT x WT or 371
LXRα -/x LXRα -/-) were paired. After three weeks, pregnant females were separated and single-housed 372 in new cages. The following week, when pups were born, the litters were either kept in the same cage 373 or swapped and added to cages with foster female of the opposite genotype. Four weeks after birth, 374 pups were weaned into separate cages based on genotype and sex. Mice were then sacrificed for 375 analysis when 10-19 weeks old. 376
Antibiotics treatment 377
WT and LXRα -/mice were treated with antibiotic cocktail for 10 consecutive days. The following 378 cocktail was given by oral gavage: Ampicillin (1mg/ml), Kanamycin (1mg/ml), Gentamicin (1mg/ml), 379
Metronidazole (1mg/ml), Neomycin (1mg/ml), and Vancomycin (0.5mg/ml). After antibiotic 380 treatment, mice were sacrificed, and organs and stool samples were collected for subsequent analysis. 381
Statistics Analysis 383
Statistical analyses were performed with GraphPad Prism version 4.01 (GraphPad Software, Inc., 384 2005). Immune responses among groups of mice are presented as means with standard errors. 385 
